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a b s t r a c t
Theneed formoreadvanced, accurateand lower cost sensorplatforms is constantlygrowing.However, for
certain applications the already existing sensing systems based on biological recognition elements have
sometimes restrictions, which limit their use. As a result, sensors with synthetic recognition elements,
such asmolecular imprinted polymers (MIPs), can be interesting alternatives.Molecular imprinting leadseywords:
iosensors
olecular imprinting
istamine
mpedance spectroscopy
to the formation of inert polymer particles with nanocavities, which can exhibit similar selectivity and
speciﬁcity to target molecules as antibodies or enzymes. It is demonstrated that MIPs can be readily
incorporated into two different sensor platforms for the detection of histamine in aqueous media. The
ﬁrst platform is based on electrochemical impedance spectroscopy and allows for the accurate detection
of histamine in the nanomolar range. The second sensing technique is based on microgravimetry and
allows for the detection of histamine in the micromolar range. Using the analogous molecule histidine,
th seuartz crystal microbalance it is demonstrated that bo
. Introduction
The development of innovative biosensor concepts to detect
peciﬁc molecules is of signiﬁcant interest. For example, with
dvanceddiagnostic devices it shouldbepossible todetect biomed-
cal relevantmolecules in patient samples tomonitor certain health
onditionsat anearly stage.Manyknownbiosensorplatformsmake
se of enzymes or antibodies in their recognition layers [1–3].
uch biosensors based on biological recognition elements can be
ery sensitive and speciﬁc towards their target. Notwithstanding,
ome signiﬁcant drawbacks can be identiﬁed. First of all, it is time
onsuming to obtain biological recognition elements in sufﬁcient
uantities. Furthermore, it is not always possible to obtain suit-
ble biological recognitionelements todetect all desired targets [4].
inally, biomolecules are often unstable in changing chemical and
hysical environments and have a limited shelf life. These draw-
acks make their use only possible in physiological ﬂuids [5] and
ender them less suitable to, for example, point of care diagnostics.
An answer to these shortcomings can be molecular imprinting
6]. Molecularly imprinted polymers (MIPs) are synthetic polymers
ontaining imprinted nanocavities, which are able to speciﬁcally
∗ Corresponding author. Tel.: +32 11 268310; fax: +32 11 268301.
E-mail address: thomas.cleij@uhasselt.be (T.J. Cleij).
925-4005/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2010.05.003nsor platforms are speciﬁc for the detection of histamine.
© 2010 Elsevier B.V. All rights reserved.
rebind their target. After careful optimisation, their synthesis is
usually comparatively straightforward and based on conventional
polymer chemistry. This is especially true for the non-covalent
approach [7,8]. In this approach, a mixture of functional monomers
and target molecules will form a pre-polymerisation complex
due to the non-covalent interactions between target and func-
tional monomer. This complex is stabilised in an appropriate
porogen. Crosslink monomers are added to this mixture to cre-
ate a stable matrix. After radical polymerisation, a bulk polymer is
obtained containing the embedded targets. Subsequently, the tar-
get is extracted from the polymer matrix resulting in nanocavities,
which act as the complementary binding sites. MIPs show similar
speciﬁc binding characteristics and selectivity towards their tar-
get as antibodies and have the advantage of being robust and inert
over a wide range of different environments [9]. They are stable in,
for example, a wide temperature and pH range. Furthermore, MIPs
have the potential to be regenerated, which is usually not possible
with biomolecules.
MIPs can be readily used for analytical separation [10], by pack-
ing theMIPsdirectly into suitable columns.However, incorporation
into sensing devices is more complex. Various examples can be
found in the literature were MIPs are integrated in different sensor
systems. The two major platforms used in the literature to detect
the binding events are based on optical interrogation and electro-
chemical detection [11–15]. There are some drawbacks associated
F. Horemans et al. / Sensors and Actu
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ith these platforms. For example, optical and electrochemical
etection often require the use of specially designed functional
onomers. In addition, it is not possible to detect every type of
arget with these platforms, which limit their general applicability.
ence, considerable interest exits in the development of a univer-
ally applicable MIP-based sensor platform.
In our previous work, we have demonstrated a ﬁrst example
f a versatile biosensor platform based on MIPs, immobilized in a
onjugated polymer layer [16]. Here, we present an optimised plat-
orm towhich additional signal transduction capabilities are added.
o this end, the MIPs are integrated into two different biosensor
etups. The ﬁrst setup is based on impedance spectroscopy [16–18]
nd makes it possible to detect targets in the nanomolar range. The
ther setup is based on the principle of quartz crystal microbalance
QCM) and is useful to detect targets in the micromolar range. In
his way the binding events of the MIPs can be monitored over a
arge concentration range. Furthermore, a medically relevant tar-
et is selected, i.e. histamine (Scheme 1), which plays a crucial role
n allergic reactions. For example, histamine detection is of inter-
sts for research into the Irritable Bowel Syndrome (IBS) [19] since
high concentration of histamine in the intestine can be linked to
BS.
In this article, a well-functioning biosensor is constructed for
he sensitive and speciﬁc detection of histamine over a wide con-
entration range in vitro in an aqueous solution. In contrast, a
omparable molecule, i.e. histidine (Scheme 1), does not give a sig-
iﬁcant response. Since the detection of histamine is important
ood science and biomedical testing, the developed sensor plat-
orms may ﬁnd use in a variety of applications. For example, typical
istamine concentrations in human plasma range from approxi-
ately 1–15nM [20]. The actual histamine concentration can be
ndicative of certain diseases, e.g. the histamine concentration in
roup of women with breast cancer was 8.23±3.4nM, whereas
he healthy control group only has a histamine concentration of
.92±3.1nM in the plasma [21]. Hence, concentration detection in
he nanomolar range is of signiﬁcant importance. Another possible
pplication for a histamine biosensor is the veriﬁcation of the fresh-
ess of food samples. Spoiled foods contain higher histamine levels
ue to the degradations of proteins [22]. In this type of applications,
elevant histamine concentrations are much higher. For example,
sh poisoning can occur if spoiled ﬁsh contains more than 50mg
f histamine per 100g of ﬁsh [23].
There already exist several complicated and expensive tech-
iques to detect histamine. The most common methods make use
f high-pressure liquid chromatography (HPLC), gas chromatogra-
hy (GC) or Enzyme-Linked Immuno Sorbent Assay (ELISA) [24,25].
hereas these techniques need extensive sample preparation pro-
edures and are laborious to execute, the biosensor system in this
rticle is not only capable of detecting histamine with high sen-
itivity and selectivity, but also does not require complex sample
reparation. It should be noted that only limited literature exists on
IPs towards histamine as the target molecule [26,27]. Only one
IP-based histamine sensor is reported in the literature, in which
he MIP has been electropolymerised [28]. In the current work, a
ew bulk polymerized MIP has been developed and optimised for
se in biosensors, which can bind histamine with a high afﬁnityators B 148 (2010) 392–398 393
and selectivity. As a result of the use of a bulk polymerized MIP,
the developed sensor methodology can be extended toward a wide
range of target molecules.
2. Materials and methods
2.1. Reagents
Ethyleneglycoldimethacrylate (EGDM),methacrylic acid (MAA)
and dimethylsulfoxide (DMSO) were purchased from Acros. Prior
to polymerisation, the stabilizers in the MAA and EGDM were
removed by ﬁltration over alumina. Azobisisobutyronitrile (AIBN)
was purchased from Fluka. The target molecule histamine was
obtained from Aldrich. The analogous molecule, histidine was
obtained fromFluka andwas used to test the speciﬁcity of theMIPs.
All solvents were of analytical grade and purchased from Acros and
used without further puriﬁcation. The PPV derivative, OC1C10-PPV,
which was used as the immobilization layer for the impedance
based biosensor was synthesized via the sulﬁnyl precursor route
[29]. All chemical and physical properties of this conjugated
polymer were in agreement with previously reported data. The
molecular weight Mw of the utilised polymer was 3.4×105 with
a polydispersity of 3.9. The maximum wavelength of the –*
transition was positioned at 505nm in CHCl3 solution, indicat-
ing that a very low defect level was achieved. Polyvinyl Chloride
(PVC), which was used as the immobilisation layer for the MIP and
NIP in the QCM measurements, was obtained from Sigma–Aldrich
(batch #12706ch; Mw =8.0×104 with a polydispersity of 1.7).
Water used for the dilution range of histamine and histidine for
the QCM measurements was demineralised with a Sartorius Arium
611 (18.2M cm) and degassed using a MD4 diaphragm vacuum
pump fromVacuubrand. Aphosphate buffered saline (PBS) solution
was used for the impedance spectroscopy measurements instead
of water.
2.2. Equipment
Optical absorption measurements for batch rebinding exper-
iments were performed with a Varian Cary 500 UV–vis–NIR
spectrophotometer. The morphology of the sensor surface was
investigated using opticalmicroscopywith a Zeiss Axiovert 40MAT
and using scanning electron microscopy (SEM) with a FEI Quanta
200 FEG. Microscope images were processed using the image anal-
ysis program ImageJ 1.37v from the National Institute of Health,
USA. The quartz crystal microbalance (QCM) measurements were
performed using a PLO-10 phase lock oscillator from Maxtek Inc.
The crystals were standard AT-cut, 5MHz, Ti/Au polished with an
active oscillation region of 34.19mm2. The pump used during the
QCM experiments was a NE-500 syringe pump from Prosense B.V.
Impedance spectroscopy was performed using an Iviumstat elec-
trochemical analyzer from Ivium Technologies B.V.
2.3. MIP synthesis
The MIP synthesis was optimised to obtain MIPs with a high
afﬁnity and selectivity for histamine detection in biomimetic sen-
sors. The sixmost suitableMIPs are presented in Table 1. Theywere
made by combining MAA, EGDM, AIBN, DMSO and the target his-
tamine in varying ratios. The ﬁnalMIP (MIP3),whichwas utilized in
all biosensor experiments describedhereafter,wasmade according
to the following procedure. A mixture of MAA (17.8mmol), EGDM
(36mmol) and AIBN (0.66mmol) was dissolved in 7mL DMSO
together with the template molecule histamine (8.99mmol). This
mixture was degassed for 5min with N2 to remove oxygen. For
polymerisation the solution was placed in a sealed vial and kept in
a thermostatic bath at 65 ◦C for 12h.
394 F. Horemans et al. / Sensors and Act
Table 1
Relative composition of selected MIPs with the corresponding amount of binding
sites.
MIP Histamine MAA EGDM Ntot (mol/g)a
MIP1 1 0.5 1 219
MIP2 1 1 2 270
MIP3 1 2 4 524
MIP4 1 3 6 84
MIP5 1 1 4 84
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a The total number of binding sites within the range from 1 to 100mM−1, as
btained after ﬁtting with Freundlich isotherms.
After polymerisation the bulk polymer was grounded with a
echanicalmortar for 24h and sieved through a 25-msieve. Only
articles with a size smaller than 25m were used. Subsequently,
he histamine was removed from the MIP powders by consecu-
ive Soxhlet extractions, starting with methanol (48h), followed
y amixture of acetic acid/acetonitrile (1/1) (48h) and ﬁnally again
ethanol (12h). The extracted MIP powders were dried in vacuum
or 12h. A non-imprinted polymer (NIP) was synthesized in the
ame manner, but without the presence of the target molecule.
.4. Sensing systems
QCM is a technique, which makes use of the piezoelectric prop-
rties of quartz crystals. When weight is deposited onto the crystal
urface, its oscillation frequency will change in accordance to the
eight and it will stabilize at a new resonance frequency. The rela-
ionship between this frequency shift and the deposited weight is
escribed by the Sauerbrey equation [30,31]. From this equation,
he deposited mass can directly be calculated. For the sensor mea-
urements, the QCM crystals were spincoated with a 0.7wt.% PVC
olution in tetrahydrofuran (THF). This layer serves as an immobil-
sation layer for either the MIP or the NIP particles. These particles
ere applied to the polymer layer with the use of a polydimethyl-
iloxane (PDMS) stamp. Afterwards the crystals were placed on a
ot plate with a temperature of 120 ◦C for 10min. This tempera-
ure is above the glass transition temperature of PVC and will cause
he MIP and NIP particles to embed partially into the PVC layer.
fter cooling to room temperature, the crystals were rinsed with
sopropanol to remove excessive MIP and NIP particles and dried
nder nitrogen gas.
For the actual measurements, the crystals were placed in the
rystal holder, which is on one side connected to the syringe pump
nd on the other side to an addition reservoir. Each measurement
tarted with a base volume of 10mL of water in the addition reser-
oir. Subsequently, this water was pumped through the crystal
older with a ﬂow rate of 1mL/min. When the signal stabilized,
he ﬂow was stopped and the desired amount of histamine or his-
idinewas added to the addition reservoir. Thismixturewas stirred
or 20 s with a magnetic stirrer. After 20 s, the stirrer was stopped
nd the pumping was resumed at the same ﬂow rate. Upon bind-
ng to the MIP or NIP the frequency dropped in accordance with
he bound mass. After each measurement, the addition reservoir
nd the crystals were adequately rinsed to remove any remaining
arget molecules. Increasing concentrations of histamine and histi-
ineweremeasuredwith both theMIP and theNIP covered crystals
n the concentration range 1–100M with 10M increments.
The impedimetric sensor was build using 4 aluminium copla-
ar contacts (giving a total of 8 electrodes) with a thickness of
0nm and an interspace of 0.6mm. Thin ﬁlms of the conjugated
olymer OC1C10-PPV were spincoated onto these electrodes. The
btained layers were uniform and the thickness was veriﬁed with
ektak measurements. The spincoating procedure was optimized
o obtain polymer layers with a thickness of 100±5nm. In thisuators B 148 (2010) 392–398
way, one sample contains four sensor spots, which can be indi-
vidually functionalized. The microparticles of the MIP or NIP were
immobilized in the same manner as described for the QCM (vide
supra). To this end, the samples were heated to a temperature of
120 ◦C for 10min, which is above the glass transition temperature
ofOC1C10-PPV. Sampleswereplaced inaprinted circuit board (PCB)
and contacts were wirebonded.
Measurements were performed in a controlled temperature
environment at 37 ◦C using an addition setup, which consists of a
500L reservoirplacedupon thePCB. For each sensing spot, spectra
were measured sequentially at a low-frequency range from 1Hz to
1kHzwith zerobios voltage andanoscillatingvoltageof 50mV. The
concentrationofhistaminewas increased ina0–12nMrange.Ahis-
tamine concentration range of 9–31nM was prepared in 12 equal
steps. Constant volumes of 25L of these concentrations were
sequentially added to the PBS, resulting in the desired 1nM incre-
ments. The histidine concentrations were increased by repeated
addition of 50mL of a 29nM solution, resulting in unequal steps of
5.8, 9.7 and12.4nM. Time-resolved analysis of the impedance spec-
tra occurred also at a low frequency, i.e. 213Hz. At low frequencies,
the sensor is more sensitive for surface interactions between the
MIP binding sites, the target molecules and the electrolyte [16]. It
can be assumed that upon binding, electrical changes occur at that
location.
3. Results and discussion
3.1. Batch rebinding experiments
The MIP synthesis has been optimised by varying the amount
of MAA and EGDM. A number of MIPs and the corresponding
NIPs have been synthesized with different ratios of MAA and
EGDM. To characterize the binding characteristics for all pre-
pared MIPs and NIPs, batch rebinding experiments have been
performed. To this end, the MIP or NIP powder (20mg) has been
added to 5mL of various concentrations of histamine in aqueous
solutions. The resulting suspensions have been shaken during 4h
on a rocking table at room temperature. After ﬁltration the free
concentration (Cf) of histamine has been measured using UV–vis
spectroscopy. Subsequently, the amount of histamine bound per
gram MIP has been calculated (Sb) and binding isotherms and
corresponding afﬁnity distributions for the imprinted and non-
imprinted polymers towards histamine have been made. These
afﬁnity distributions are based on the Freundlich model, which is
known to give a good description of the binding characteristics in
MIPs as a result of the presence of a heterogeneous distribution
of binding sites [16,32–34]. Using the Freundlich model, the total
number of binding sites, Ntot, within the range of afﬁnity constants
Ki = 1–100mM−1 can be calculated (Table 1) [33]. This number is a
measure for the relative capacity of the individual MIPs.
From these batch rebinding experiments it becomes evident
that MIP3 has the best performance for integration into biosensors.
Therefore, MIP3 and its corresponding NIP counterpart have been
selected for the biosensor experiments. The binding isotherms and
afﬁnity distributions of MIP3 are shown in Fig. 1. In the remainder
of this article they will be referred to as MIP and NIP. The results
conﬁrm the higher binding afﬁnity of histamine for MIP compared
to the corresponding NIP. For the region between 1 and 100mM−1
the amount of binding sites for histamine is 524mol/g forMIP and
137mol/g for the corresponding NIP. This indicates that in the
used integration range, the MIP has about four times more binding
sites for histamine as the corresponding NIP.
One can also estimate an overall binding constant for the MIP
and NIP by assuming that every binding site present has the same
afﬁnity for histamine by using a Langmuir isotherm. This assump-
F. Horemans et al. / Sensors and Actuators B 148 (2010) 392–398 395
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Fig. 2. (a) Image of the MIP covered surface electrode surface with the MIP particlesig. 1. Binding isotherms for MIP (solid squares) and corresponding NIP (open
quares) exposed to histamine (top) and resultant afﬁnity distributions after ﬁtting
ith Freundlich isotherms (bottom).
ion is obviously incorrect, but can still provide a rough comparison
f the MIP and NIP systems. In this way, binding constants for the
IP and NIP are found of 6.4 and 1.2mM−1, respectively. This indi-
ates that, as expected, theMIP binds histamine signiﬁcantly better
han the NIP. This speciﬁc chemical recognition of histamine is to
large degree the result of the presence of directional hydrogen
onds in the cavities of the MIPs.
For comparison, the same MIP and NIP have also been exposed
o various concentrations of histidine (Scheme 1). Histidine has
molecular structure, which is very similar to that of histamine.
ence, it can be safely assumed that if the sensor can success-
ully differentiate between histamine and histidine, a satisfactory
peciﬁcity is achieved and that the sensor will exhibit no response
o even less similar molecules. From an analysis of the binding
sotherms and afﬁnity distributions it becomes evident that the
mounts of histidine bound to the MIP and NIP are more or less
qual and signiﬁcantly lower as compared to the histamine binding
haracteristics. For the regionbetween1and100mM−1 theamount
f binding sites for histidine is 20mol/g forMIP and 13mol/g for
he corresponding NIP, as compared to 524mol/g for the amount
f histamine binding sites on the same MIP. The low binding of
istidine originates from aspeciﬁc interactions with the MIP and
IP.
.2. Impedance spectroscopy
Since it is evident that the optimized MIP can bind histamine in
selective manner, the MIP and NIP have been integrated into two
ifferent sensor setups. In the ﬁrst setup, the chemical recognition
ccurring at the MIP and NIP covered surfaces is directly trans-
ated into an electrical signal using impedance spectroscopy. For
he impedance measurements, the MIP and NIP are immobilized
sing the conjugated polymer OC1C10-PPV, to minimize interfer-
ng resistance at the interface due to the adhesion layer. For a good(black) clearly visible against the conjugated polymer background (red); (b) SEM
image of a small section of the MIP covered surface with the MIP particles (white)
clearly visible against the conjugated polymer background (gray).
comparison of the MIP and the NIP sensor data, the immobilised
amounts of the MIP and NIP on the sensor surface must be of the
same order ofmagnitude. Hence, opticalmicroscopy and SEMwere
utilized to study theMIP andNIP covered surfaces (Fig. 2). The anal-
ysis of the optical data indicates that the surface coverage is 38.6%
for the MIP and 38.2% for the NIP, with some minor differences in
the size and quantity of the particles. This indicates that indeed
a comparable surface coverage is observed. An analysis of the SEM
images provides less accurate data, since the contrast does no allow
for a full differentiation between the particles and the conjugated
polymer. As a result, a lower coverage is found of 16.8% for the
MIP and 14.8% for the NIP. Although it can be assumed that the
actual coverage is substantially higher, these images conﬁrm the
similarity between the MIP and the NIP covered surfaces.
For the actual measurements, the sensor cell is ﬁlled with PBS
to simulate a biological environment. After a stabilization period
of 15min, increasing concentrations of histamine have been added
in a stepwise manner. Subsequently, the impedance is measured
and a clear dose–response curve is obtained in the 0–12nM con-
centration range at a frequency of 213Hz (Fig. 3). From Fig. 3, it is
evident that the dose–response curve is not linear. This is a result of
the fact that MIPs typically contain a heterogeneous distribution of
different binding sites, with a concomitant large variety in binding
396 F. Horemans et al. / Sensors and Actuators B 148 (2010) 392–398
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of 6.11ng of target molecules corresponds to frequency decreaseig. 3. Impedance spectroscopy dose–response curves for MIP and NIP exposed to
ncreasing concentrations of histamine and histidine (MIP exposed to histamine:
olid squares; MIP exposed to histidine: solid triangles; NIP exposed to histamine:
pen squares; NIP exposed to histidine: open triangles).
onstants [33]. As a result, the dose response curve for a MIP-based
ensor is expected to resemble a typical binding-isotherm, with
n initial sharp somewhat linear rise, followed by gradual satura-
ion. This is in agreement with the experimental results. It should
e noted that all impedance data are normalized relative to their
nitial impedance value, prior to addition of the target molecule.
he resulting value is referred to as the relative impedance signal.
response value is obtained 20min after addition of the target
olecule by averaging ﬁve data points. The stability of the mea-
ured impedance signal is excellent and as a result, the noise level
s very low.
At 213Hz the MIP-sensor shows a 45% response to a concen-
ration of 10nM histamine. At higher concentrations, the sensor
bviously will reach its saturation level. Due to the low signal to
oise ration of the measurements, the limit of detection is well
elow1nM. TheNIP channel,whichmeasures non-speciﬁc binding
f histamine molecules to the sensor surface, shows no sensitiv-
ty towards histamine. In addition, the speciﬁcity is tested with
he analogous molecule histidine. At 213Hz both the MIP and NIP
hannel show no response to histidine concentrations in the same
anomolar range. This conﬁrms that the sensor is very speciﬁc for
istamine and does not respond to other molecules, even if they
ave a somewhat similar structure. The capability of the sensor
o measure in the nanomolar range is relevant for medical appli-
ations, in which deviations in the histamine concentration of a
ew nanomolar can be indicative of a disease (vide supra). Fur-
hermore, it is noteworthy that our impedimetric sensor performs
onsiderably better than a previously reported device with which a
oncentration limit of detection of 5nM was achieved under opti-
izedﬂowconditionsof a comparatively large samplevolume [28].
.3. QCM
Whereas the impedimetric setup exhibit excellent performance
n the nanomolar range, interest exists in a wider concentration
ange. To this end, a second platform for the detection of histamine
as been developed based on QCM. For the QCM measurements,
he quartz crystals are ﬁrst coated with an adhesive polymer layer.
ince no conductive properties are needed for QCMmeasurements,
common non-conjugated polymer, i.e. PVC, has been utilized for
his layer. Subsequently, the MIPs and NIPs have been embedded
nto this layer by a similar stampingmethod as used for the impedi-
etric measurements, followed by a thermal treatment. After this,
he resultant surface coverage has been assessed usingmicroscopy.
he surface coverage obtained from optical microscopy, is 27.1%
nd 28.7% for the MIP and NIP particles, respectively. Although theFig. 4. QCM dose–response curves for MIP and NIP exposed to increasing concen-
trations of histamine and histidine (MIP exposed to histamine: solid squares; MIP
exposed to histidine: solid triangles; NIP exposed to histamine: open squares; NIP
exposed to histidine: open triangles).
visual distribution of the particles at the PVC surface as observed
with microscopy was identical to the distribution on the impedi-
metric electrodes, the actual coverage values are somewhat lower
than observed for theOC1C10-PPV immobilization (vide supra). This
can be explained by the increased hardness of the PVC as compared
to OC1C10-PPV, which apparently somewhat reduces the matrix
entrapment process. It is important that the surface coverage of the
MIPandNIPoneach crystal is very similar, sinceotherwise theQCM
results would be difﬁcult to compare. After integration of the MIP
and NIP covered crystals in the sensor setup, the crystals have been
exposed to a series of different concentrations (1–100M) of his-
tamine and histidine. This resulted in typical dose–response curves
(Fig. 4). Frequency shifts have been obtained after stabilization of
the frequency before addition of the next concentration.
As can be seen in Fig. 4, the observed frequency shifts for the
MIP exposed to histamine are signiﬁcantly higher than for the NIP
exposed to histamine as well as the MIP and NIP exposed histidine.
For the MIP a concentration of 1M histamine causes a frequency
shift of 6.57Hz, which rises until the highest measured concen-
tration of 100M which causes a frequency shift of 34.09Hz. The
shape of the dose–response curve is similar as observed for the
impedimetric experiments. In contrast, for both the MIP and the
NIP exposed to histidine the frequency remains reasonably con-
stant (minimum 0.38Hz and maximum 6.87Hz) over the entire
concentration range. As expected, there areno speciﬁcbinding sites
for histidine and only aspeciﬁc binding is observed. This conﬁrms
the previous observations on the excellent speciﬁcity of the MIP-
basedsensor.Due toaspeciﬁcbinding, theNIPexposed tohistamine
exhibits a similar behaviour, with a slightly higher frequency shift
for the larger concentrations. This rise can be attributed to the
signiﬁcantly higher concentrations used in these experiments, as
compared to the impedimetric measurements. In addition, this
frequency shift associated with aspeciﬁc binding is slightly more
pronounced than that observed for histidine because of the fact
that the MIP synthesis has been optimised for the speciﬁc binding
of histamine (vide supra). Hence, theNIP synthesized from the same
optimised mixture of monomers, cross-linkers and porogen (but
without the template being present), can be expected to have also
a somewhat higher amount of aspeciﬁc binding sites for histamine.
For a true comparison, the corresponding mass change has been
calculated for every frequency shift. It is found that the bindingof 1Hz. The thus obtained mass change of the sensor has been
compared to the total mass that passed the sensor for that given
concentration, giving an estimate of the percentage of molecules
that bind to either the MIP or NIP. From these calculations it is
F. Horemans et al. / Sensors and Actu
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big. 5. Response of the MIP-based sensor to various concentrations of histamine in
piked samples of canned tuna liquid.
pparent that histamine binds about 14 times better to the MIP-
ased sensor surface than histidine does. Histamine binds also
lmost ﬁve times better to the MIP-based sensor surface as com-
ared to the NIP. This is in agreement with the batch rebinding
xperiments, which demonstrated that the MIP has about four
imes as many binding sites for histamine as compared to the NIP.
he concentration range for the QCMbased sensor in the micromo-
ar range is well suited for food sample measurements.
.4. Sensor performance in actual samples
Asmentioned in the introduction, histamine is commonly found
n food samples. In seafood products, high levels of histamine can
e associated with food spoilage and can lead to sever health prob-
ems. Generally it is found that seafood containing histamine levels
f 50ppm or more are of unacceptable quality [35]. It is therefore
mportant to be able to differentiate between acceptable histamine
oncentrations and levels above 50ppm. To demonstrate the via-
ility of our MIP-based sensor for such measurements, impedance
easurementshavebeenperformedon thepackingﬂuids collected
rom canned tuna. To this end, the collected ﬂuid has been ﬁrst ﬁl-
ered with a series of ﬁlters, with a last ﬁlter size of 45m. The
uid has subsequently been split into two parts and one part of
he ﬂuid has been spiked with various concentrations of histamine,
.e. 50, 100, 150, 200 and 250ppm, while the other part remained
naltered. The unaltered samples have a histamine concentration
f approximately 4ppm. Since the histamine concentration in the
piked samples is well above the suitable detection range of our
ensor, all samples have been diluted 1000 times with PBS.
Upon exposing the sensor to these diluted solutions, it becomes
vident that the measurements with the spiked tuna samples
xhibit a considerable larger response than the unaltered sample.
or example, for the tune ﬂuid sample spiked with 250ppm his-
amine, an increase in the impedance is found of 33.0%, while after
ddition, of the non-spiked sample only an increase is found of
2.8%, which is probably associated with differences in the com-
osition of the ﬂuid in the measurement cell due to the tuna ﬂuid
ddition. The NIP exhibits only a minor increase in response, which
s a result of aspeciﬁc adsorption (vide supra). Hence, for a true rep-
esentation of the speciﬁc binding events, the NIP signal is also in
his case subtracted from the MIP signal. The results are presented
n Fig. 5.
Upon spiking with 50ppm a large increase in the corrected
ensor signal is visible. However, spiking with higher concentra-
ions leads to a gradual saturation of the sensor. Notwithstanding,
t is clearly demonstrated that the sensor performs well with an
ctual sample. This proof of principle, in which the sample has
een diluted 1000 times, further indicates that it is possible tomea-ators B 148 (2010) 392–398 397
sure histamine concentrations of 50ppb, and possibly much lower,
in actual samples using the MIP-based sensor setup without any
problems.
4. Conclusion
MIPs with high afﬁnity and speciﬁcity towards histamine have
been developed for sensor applications. Executing batch rebind-
ing experiments to characterize the target binding phenomena has
proven to be a suitable way to screen the MIPs and the correspond-
ing NIPs. In this manner, it is possible to predict, which MIP is
most useful for integration into the biosensor systems. The opti-
mised MIP binds signiﬁcantly more histamine as compared to the
corresponding NIP. The limited binding on the NIP is governed by
aspeciﬁc interactions between histamine and the polymer matrix.
In contrast, the binding isotherms for the MIP and correspond-
ing NIP towards the analogous molecule histidine show even less
aspeciﬁc binding. Both the optimised MIP and the corresponding
NIP have been successfully integrated as synthetic recognition ele-
ments for the detection of histamine into two sensing platforms, i.e.
QCM and impedimetric detection. Whereas QCM can be success-
fully used to detect histamine in the micromolar range, impedance
based measurements make it possible to detect the target in the
nanomolar range. Using the analogous molecule histidine, it is
demonstrated that both sensor platforms have a high speciﬁcity
for the detection of histamine. In conclusion, it has been demon-
strated that using our MIP-based sensor platforms, histamine can
be readily detected over a large concentration range from 1nM to
100M in a sensitive and selective manner. This opens the way for
many other novel MIP-based sensor applications. As a ﬁrst proof
of principle, the measurement of histamine in the liquid of canned
tuna is demonstrated using the MIP-based sensor.
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